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Abstract

The FORCATgapmodel wasusedto simulateformationand
decompositionof coarsewoodydebris(CWD)for two forestecosystems
on theCumberlandPlateauin eastTennessee.Simulationswere
conductedfor 200 yearsafterclearcuttingon atotal of 100plots, 1/12 ha
in size. Model resultsshoweda decreasein CWDloadsin earlyyearsas
logging slashdecomposed.Afteryear32, CWDloadsincreasedrapidly
andpeakedaroundyear90. Coarsewoodydebrisloadsin older stands
graduallydecreasedthroughtheremainderof thesimulationperiod. The
assumeddecompositionratestrongly influencedCWD loading. Model
resultscorrespondcloselyto observedloadings in old-growthstandson
theCumberlandPlateau.

Introduction

While exacteffectsarenotwell documented,few doubtthe
ecologicalimportanceof coarsewoodydebris(CWD) in
Southeastemecosystems.Little is known,however,about
thechangesin CWD loadsthatmight beexpectedoverlong
periods,suchasthroughsuccession.Moststudiesin the
Southeasthaveprovidedshort-term“snapshots”of CWD
for specificsuccessionalstagesandhavelookedat old-
growth stands(MacMillan 1988;Muller andLiu 1991;
Smith andBoring 1990).

Coarsewoodydebrisdynamicsaredifficult to predict
becauseinputsandlossesareaffectedby manybiotic and
abiotic factors. Inputs are determinedby speciescompo-
sition, sitequality, andsizesand typesof disturbance.
Lossesof CWD are affectedby managementstrategies
anddecompositionrates. Severalstudiesshow that
decompositionratesdependon multiple factors
including species(Harmon 1982),climate (Muller andLiu
1991),site (Abbott andCrossley1982),sizeof material
(Mattsonandothers1987),andcontactwith theground
(BarberandVanLear 1984).

VanLear (1996)discussescurrentresearchon CWD
dynamicsin theSoutheastelsewherein theseproceedings,
soI cite only a few studieshere.A studyconductedin
westemOregonandWashingtonprovidesthemost
completedescriptionof long-termCWD dynamicsto date.
Spiesandothers(1988)andSpiesandCline (1988)

describedCWD loadingin 196 Douglas-fir,Pseudotsugc
menziesii(Mirb.) Franco,standsacrossachronosequence
rangingfrom40 to 900 yearssincedisturbance.Thiswork
servesasa comparisonformy simulationstudy,soI will
provideits resultsin somedetail.

Loading of CWD overthe900-yearchronosequencewas
describedfor five successionalstages:standinitiation, st
exclusion,understoryreinitiation, old growth,andchina:
During thestandinitiation stage(lasting20 to 30 years),
accumulationof CWD wasslow(fig. 1). Eventhoughtr
mortality washighduring this period,mosttreeswereto
small to beconsideredCWD. Coarsewoody debrisinpu
beganduring the stemexclusionperiod(lasting 10 to 30
years)as thecanopyclosedandmortalityof largertrees
began. Input rateswere relativelylow during this period
becausemanydying treesweresmall. Canopydominan
diminishedduring theunderstoryreinitiation stage(lasti
100 to 150 years),allowing understoryherbs,shrubs,an
treesto becomeestablished.Mortality of somelargetre
beganduring this periodandCWD accumulatedrapidly.

Coarsewoody debris continuedto accumulaterapidly
during the old-growthstage(lasting 500 to 800 years)a
naturaldisturbancessuchaswindthrow,diseases,and
insectsincreasedmortalityratesof largetrees(fig. 1).
Much of the mortalityduring this periodwasamong
dominantshade-intolerantspecies,which werereplaced
shade-tolerantspecies.Theshade-tolerantspecieswere
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Figure 1—Accumulationof coarsewoodydebrisacrossa900-year
chronosequencefor ecosystemsof westernOregonandWashington(Sr
andCline 1988).
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otherenvironmentalstressfactors. Variablesusedin gaprelativelylong lived andcontributedlittle CWD during
the lateryearsof the old-growthstage. Latein theold-
growthstage,decompositionbeganto exceedinputsand
CWD loadingdecreased.

Theclimax stagewasreachedwhenall shade-intolerant
specieswerereplacedby shade-tolerantspecies(fig. 1).
ThisstagehadlessCWD thantheold-growthstagebecause
it lackedtheoriginal overstorydominants.Coarsewoody
debrisdynamicsduring this stageweredifficult to describe
becausefewof thesestandsexisted. Usually, by this time,
eithernaturalor anthropogenicdisturbancehadreinitiated
succession.

A lackof similar information aboutlong-termCWD
dynamicsin Southeasternecosystemspromptedthe
simulationstudydescribedin thispaper. I useda
previouslydevelopedmodel of forestsuccessionto simulate
standdynamics,andI estimatedCWD loadingfrom
predictedtreemortality. My objectiveswereto provide
basicinformationon long-termCWD dynamicsin
Southeastemecosystemsand to identify informationgaps.

Methods

Descriptionof theModel

Themodelusedfor this studywasFORCAT (FORestsof
theCAToosaWildlife ManagementArea),which was
developedformixed-speciesforestson theCumberland
Plateauin eastTennessee(Waldropandothers1986).
Althoughthemajorreasonfor selectingFORCATwasmy
familiarity with themodel,it is oneof only a fewexisting
modelscapableof simulatinglong-termstanddynamicsfor
managed,mixed-speciesstands(Waldropandothers1989).

FORCATis a memberof a family of modelsbasedon the
widely usedFORETmodel(ShugartandWest1977).
FORETis describedby Shugart(1984)asa spatialgap
modelthatsimulatesstanddynamicsfor theforestsof east
Tennessee.Gapmodelsarea specialcaseof single-tree
modelsandhavedemonstratedadaptabilityovera wide
rangeof foresttypes. Simulatedgapsrangefrom 0.04to
0.08 hain size(ShugartandWest1979),approximatingthe
areaopenedby thedeathor removalof anindividual
canopytree(ShugartandWest1980). Thesemodels
generallyusesimpleequations,with parametersthatare
easilyobtained,to approximatethemechanismsthatcausea
forestto changeon asmallplot of land. Suchchangesare
simulatedthroughthebirth, growth,anddeathof individual
treesascontrolledby variousmeasuresof competitionand

modelsas environmentalstressfactorsincludeshade,stand
basalarea,soil moisture,andambienttemperature.

TheFORCAT modelwasdevelopedthroughnumerous
modificationsto FORET,makingit morespecific to
managedsiteson theCumberlandPlateau(Waldrop and
others1986). The modelsimulatesstanddynamicson a
0.08-haplot using30 hardwoodand3 pine species
commonlyfoundin theregion. Simulationbeginswitha
maturestand,which is immediatelyclearcut.After
clearcutting,sproutsandseedlingsarestochasticallyadded
to simulatedplotsbasedon silvical characteristicsof each
species. Diameterandheightgrowtharecalculatedeach
yearfor eachtreeas a functionof site, species,competition,
andenvironmentalstress.Treesare killed stochastically
eachyearbasedon age,species,andcurrentgrowth rates.

Someof the moresignificant changesto FORETthatwere
includedin FORCATwere:(1) beginningthesimulation
with naturalregenerationfoundin clearcutsinsteadof bare
ground,(2) basinggrowthrateson sitequalityand local
climate,(3) basingseedavailability andsproutinghabit on
species-specificcharacteristics,and(4) simulatingperiodic
clearcuttingandprescribedburning. FORCAT was
developedand testedfora xerichardwoodsiteand
validatedwith datafroma nearbymesicoaksite.

Many of thegrowth andmortalityequationsusedin
FORCATandFORETwereadaptedfrom theJABOWA
modelfornorthemhardwoods(Botkin andothers1972).
ShugartandWest(1977), Shugart(1984),andBotkin
(1993)describedthoseequationsin detail. Shugart(1984)
alsodiscussedgapmodelsat length. Waldrop(1983)and
Waldropandothers(1986)describeddevelopmentand
validationof FORCAT.

ModelingCoarseWoodyDebrisDynamics

Fewchangesto FORCAT wererequiredto predictCWD
loading. In FORCAT,thediameteratbreastheight(d.b.h.)
of eachtreeon the simulatedplot (up to 1,200treesin
youngclearcuts)is updatedeachyearaccordingto growth
calculationsandthenstoredin an array. If a treediesin
anyyear,the d.b.h.of that treeis removedfrom thestorage
array. At thatpoint, thedeadtreewasconsideredCWD and
its biomasswasestimated.Biomasswasestimatedfor both
stemsandcrownsusingd.b.h.astheindependentvariable
in regressionequationsgivenby Clark and others(1986).
To accountfor limbs too smallto be consideredCWD
(diameterless than 10cm), estimatedcrownbiomasswas
reducedby 20 percent.
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Thetotalbiornassof deadstemsandcrownson a plot was
calculatedforeachyear. This amountwasaddedto the
totalCWD remainingfrom thepreviousyear,andthe new
sumwasreducedby aconstantrateto allowfor
decomposition.Decompositionratesof 6 percent,8
percent,and10 percentwereusedto examinethe
differencestheseratescausedin CWD accumulation.
Thesedecompositionratesroughly follow thosereported
by Harmon(1982) for hardwoodspecies.

StanddynamicsandCWD accumulationweresimulatedfor
thetwo site types(xeric andmesic)thatwereusedto
developandvalidateFORCAT. Theresultsof these
simulationsshouldgive someinsight into theeffectof site
productivityon CWD accumulation.Model input for the
xericsitewasdatafrom a standwith a basalareaof 19.3
m2/haanddominatedby postoak(Quercusstellafa
Wangenh.),southernred oak (Q.falcataMichx.), and
scarletoak(Q. coccineaMuenchh.)(table1). The xeric
site wascharacterizedby thin, acidic soilsandmoderate
topography.It hada site indexof 18 m for uplandoaks
(baseage50). Forthemesicsite,basalareaof commercial-
sizedtreeswas17.6m2/haandspeciescompositionwas
mostlychestnutoak (Prinus L.), white oak (Q. alba L.),
northernredoak (Q. rubra L.), andyellow-poplar

Table1—Speciescompositionfor zeric andmesicsites
usedasinput to FORCAT

Species Xeric site Mesicsite

Total basalarea (pct)

Black oak 10.6 4.5
Chestnutoak -- 24.6

Northernredoak -- 18.6

Postoak 27.0 --
Scarletoak 27.2 --
Southernredoak 13.5 --
White oak 4.0 22.1
Otheroaks 1.4 --

Hickories 3.1 11.8
White ash -- 3.9

Yellow-poplar -- 11.6

Otherhardwoods 7.0 2.9

Virginia pine 6.2 --

(Liriodendrontulip~feraL.). Themesicsitehada north
aspect,moderateto steepslopes,anda site indexof 31
foryellow-poplar(baseage50).

Simulationsbeganwith maturestands,which were
immediatelyclearcut. No artificial regenerationor site
preparationwas allowed. A simulationperiodof 200yt
afterclearcuttingwasusedfor eachof 100 simulated1/
haplots. Due to thestochasticnatureof thegrowthand
mortalitycalculations,no two simulatedplotswere
identical. ShugartandWest(1979)suggestedincluding
100 plotsin simulationsto accountfor thevariability fo
in mostSoutheasternforesttypes.

Severallimitationsto this approachof modelingCWD
accumulationarerecognized.By definingCWD as dea
trees,standingCWD cannotbe distinguishedfrom dow
CWD. Also, CWD estimatesarelikely to be low becau
inputsfrom limbs that die andfall to the groundarenot
included.Anotherlimitation is thatdecompositionrate
assumedto be thesamefor all speciesandsizeclasses
CWD andacrossall successionalstages.Published
decompositionrateswerenotavailablefor thespecies~
typesof sitesthat FORCATsimulates.Thesimulations
not includeCWD inputsfrom naturaldisturbancesor ft
anthropogenicdisturbances,otherthantheinitial clearc

ResultsandDiscussion

CoarseWoodyDebrisDynamicsAfter Clearcutting

On thexericsite,simulatedregenerationwas dorninatet
sproutsof oak species(39 percentof all stems)thatwe
abundantin thepreharveststand. Understoryhardwoo
thatsproutprolifically, suchas dogwood(Cornusflori6
L.) andsourwood(OxydendronarboreumL.), madeup
another30 percentof theregeneration.Pineseedlings
representedless than 1 percentof theregeneration.
Throughoutthesimulationperiod,understoryhardwoo
graduallydeclinedin importancewhile scarletoak,pos
oak,andsouthernredoak eventuallydominatedthe sta

Forthe mesicsite,simulatedregenerationwasdominat
by northernredoak,white oak, hickories(Carya sp.),;
ash(FraxinusamericanaL.), andblackgum(Nyssa
sylvaticaMarsh.). No pineregenerationwaspredicted
theendof thesimulation,thestandwasdominatedby
northernredoak,chestnutoak,white oak,andyellow-po~
The patternsof CWD accumulationpredictedby FOR(
(fig. 2) for xeric andmesicsites(using a 6-percent
decompositionratefor bothsites)weresimilar to theci
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proposedby SpiesandCline(1988)for westernOregon
andWashington(fig. I). In all threesystems,this pattern
resembleda bell-shapedcurvethatpeakedduring thefirst
half of their respectiveperiods(100yearsfor simulated
xeric andmesicsites,450yearsformeasuredDouglas-fir
stands). Later,CWD in eachsystemgraduallydecreased
until a point, latein succession,whereanequilibrium
betweeninputsanddecompositionmayhavebeenreached.

Coarsewoodydebrisaccumulationon bothsimulatedsites
remainedlow for 30to 40 yearsastreesgrewto the
minimumsizefor CWD (10 cm), eventhoughtherewas
significant mortalityduring this period(fig. 2). Between
years30and75 CWD increasedrapidly for bothsimulated
sites. FORCATpredicteddecreasesin standbasalarea
during this periodascrownclosureoccurredand a few
largetreesbeganto die. On thexericsite,forexample,
predictedstandbasalareadecreasedfrom 19.3m2perhaat
year50 to 15.9m2 perhaat year100.

0
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Figure2—Accumulationof coarsewoodydebrisfor xericandmusicsites
aspredictedbyFORCAT(&percentdecompositionratefor bothsites).

Theperiodof rapidCWD accumulationon thexeric site
lasteduntil thestandwasabout70 yearsold (fig. 2) when
CWDwas 30.6Megagramsperhectare(Mg/ha). Coarse
woody debriscontinuedto accumulate,butataslowerrate,
to amaximumof 32.5Mg/haat year91. Fortheremainder
of the200-yearsimulationperiod,decompositionslightly
exceededinputsandCWD loadsgraduallydecreased.

Treegrowthonthe simulatedmesicsiteexceededthaton
thexericsite,producinga morerapidrateof CWD
accumulation(fig. 2). On this site,CWD accumulated
rapidly from years30 through75, reachinga totalof 49.3

Mg/ha. MaximumCWD loadingduring the simulation
periodwas51.4Mglha in year89. Betweenyears90 and
200,CWD loadingdecreasedmuch morerapidly thanon
thexericsite. Speciesonthe mesicsitewere longerlived
thanthoseon thexeric siteand thetreescontinuedto grow.
Mortality washigheron thexericsiteduring this period
due to moisturestress.Therefore,CWD inputswere less
on the mesicsite thanon thexericsite.

FORCATpredictionsforCWD accumulationin older
standsweresimilartotherangesobservedby Muller and
Liu (1991)forold-growthstandson theCumberland
Plateau.Betweenyears90 and200(roughly equivalentto
the ageof old-growthstands),CWD loadson the
simulatedxericsiterangedfrom 22.8to 32.5Mg/ha(fig.
2). Muller andLiu (1991)reportedaccumulationsranging
from 22 to 32 Mg/haon dry sitesincludingridgetops,
upperslopes,andsouth-facingandwest-facingmidslopes.
Olderstandson thesimulatedmesicsitehadCWD loads
rangingfrom 30.0(year200)to 51.4Mg/ha(year90).
Muller andLiu (1991)foundCWD loadsrangingfrom 34
to 49 Mg/haon moistmidslopeswith a northor east
aspect.

EventhoughFORCATaccuratelypredictedmoreCWD
inputon themesicsite thanon the xericsite, theperiodsof
accumulation(years30 through90) werenearlyidentical.
Thismayindicatea failure of themodel. I expectedCWD
loading to peakhigherandlateron themesicsitethanon
the xericsitebecausethespecieson themesicsitegrow
largerandarelongerlived. A commonproblemamong
mixed-speciesmodelsis an inability to simulate
competitionof differefit speciesacrosssitesof varying
quality. SinceFORCAT developmentwasbasedon
xeric sites,its growth parametersfor mesicsitesmay
not beas accurate.

LoggingDebris

An important,butso far neglected,componentof CWV’
dynamicsinmanagedstandsis loggingdebris. For
example,SandersandVanLear(1988)foundthatCWD
afterclearcuttingin the SouthernAppalachianscanbeas
muchas90 Mg/ha. Thisdebrisprovidesregenerating
standswith a structurethatcanbeimportanthabitatfor
smallmammals(Evansandothers1991;Loeb 1996) as
well asa sourceof nutrients(Mattsonandothers1987).

Loggingslashwasaddedto modelprojectionsof CWD
inputsimmediatelyaftersimulatedclearcutting.Total
CWD loading atthat timewasassumedto equalthe
biomassof crownsfrom harvestedtrees. Crownbiomass

1 50 100 150 200

Years
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wasestimatedby usingthed.b.h.of eachharvestedtree
(xeric andmesicsites)astheindependentvariablein
regressionequationsgivenby Clark andothers(1986).
Theseestimateswere reducedby 20 percentto accountfor
theportionsof crownstoo smallto beconsideredCWD
(<10 cm in diameter).

TheestimatedCWD loadimmediatelyafterclearcutting
was49 Mg/haon thexericsiteand69 Mg/haon themesic
site(fig. 3). On bothsites,theselevelswerehigherthan at
anyothertimeduring the200-yearsimulationperiod.
Figure 3 illustratestheimportanceof selectingsite-
preparationtechniquesthat leavesomeCWD. Logging
debrisdecomposesrapidly in clearcuts,butit provides
someCWD duringaperiodwhenthereis little input. In
my model,decompositionexceededinputsthroughyear32.
At that time CWD, totaled 16.9 Mg/haon thexeric siteand
18.3 Mg/haon themesicsite (assuminga uniform
decompositionrateof 6 percent). By year32,all logging
slashhaddecomposed.Therefore,afteryear32 these
curveswereidenticalto thosewithout loggingslash(fig. 2).

VariableDecompositionRates

An assumptionuseduntil now is thatdecompositionrates
wereuniform acrosssite types. Thework of Abbottand
Crossley(1982)indicatesthatdecompositionratesare
higheron moist sites. By assuminga decompositionrateof
8 percenton themesicsite and6 percenton thexeric site,
thedifferencein simulatedCWD loadsbetweensiteswas
greatlyreduced(fig. 4). EventhoughCWD loading was
muchhigheron themesicsitein year 1, it decomposedto a
smalleramountthanthe xericsiteby year32 (12.3present
vs. 16.9Mg/ha). By year75,CWD wasagaingreateron
themesicsite. Beyondthatpoint, however,thelines
converged.During thelast50 yearsof thesimulation,
CWD loadson thetwo simulatedsiteswerenearly
identical.

Thiscomparison(fig. 4) illustratesthe observationof
AbbottandCrossley (1982)thatdifferencesin
decompositionratesbetweensitescanbemore important
thandifferencesin sizesof CWD. Eventhoughthe mesic
siteproducedfar moreCWD biomassthanthexeric site,
therelatively smalldifferencein decompositionrates(8 vs.
6 percent)producedsimilarCWD loadingthroughoutthe
200-yearsimulation. If thedifferencein decomposition
rateis larger (10 percentvs. 6 percent),CWD loading
canbe greateron the xeric site for mostof the simulation
period(table2).

Muller andLiu (1991)suggestedthat CWD loading wa~
functionof regionaltemperaturepatterns.Their
measurementson dry sitescorrelatedwell with publisht
estimatesfrom warm TemperateZonedeciduousforests
Likewise,their CWD measurementson moistsites
correlatedwell with publishedestimatesfrom cool fore
Muller andLiu (1991)observedhigherCWD loadson
(moist) sitesthanon warm(dry) sites,suggestingthat
decompositionrateswerenothigheron moistsitesor ti
higherproductivityon moist sitescompensatedforhigi
decompositionrates. Broad-scalerelationships,sucha~
this, areoversimplifiedbecauseCWD decomposition0
anygivensite is controlledby acombinationof moistu
temperature,soil fertility, species,size, andany numbe
otherfactors.
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Figure3—Dynamicsofcoarsewoodydebrisafterclearcuttingxeric
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Table2—Coarsewoodydebrisaccumulationby siteand
decompositionrateaspredictedby FORCAT

Decompositionrate

Site 6 pct 8 pct 10 pct

Mg/ha

Xeric
Year I (afterclearcutting) 49.0 49.0 49.0
Year32(minimumCWD load) 16.9 11.8 8.5
Year91 (maximumCWD load) 32.5 24.5 19.6
Year200 (endof simulation) 22.8 16.5 12.9

Mesic
Year 1 (afterclearcutting) 68.9 68.9 68.9
Year32 (minimumCWD load) 18.3 12.3 8.9
Year89 (maximumCWD load) 51.4 39.8 32.3
Year200 (endof simulation) 30.0 22.4 17.9

naturalandanthropogenicdisturbance.Someof this
missinginformationcouldbe suppliedby additional
researchanda broadermodelingeffort. Forexample,CWD
dynamicsafternaturaldisturbancessuchastornadosor ice
stormscouldbepredictedby gapmodelsif thereturn
frequencyof thosedisturbanceswasknown. Also,CWD
inputs frommanagementactivitiessuchasthinningsor
selectionharvestscouldbepredicted.Thiseffort would
allow managersto usemodel projectionsto helpdetermine
how to alterthe level or timing of their activitiestobetter
meettheir goals for CWD.

Conclusions

TheFORCATgapmodelworkedwell for this preliminary
attemptto simulateCWD dynamicsin two typesof
Southeasternecosystems.Model resultsweresimilarto
thoseof two field studies. Thepatternof CWD
accumulationpredictedby FORCAT wassimilarto that
observedin Westernecosystems(SpiesandCline1988).
Also, the predictedCWD loadswerenearlyequalto those
reportedby Muller andLiu (1991)forecosystemssimilar
to thosesimulatedby FORCAT.

Resultsof this studyshowgeneraltrendsof CWD
accumulationoverseralstagesfor thetwo Southeastern
forestecosystemsusedin thestudy. Theresultof this study
showstheimportanceof leavingCWD after harvestingand
emphasizethatdifferencesin decompositionrates(possibly
dueto differencesin siteproductivity) cansignificantly
affectCWD loading. Dueto a numberof limitations,
however,modelprojectionsshouldnotbeconsidered
accuratepredictionsof CWD loadingat anygivenage.

A major limitation foundin this studywasthelack of
informationoninputsanddecompositionratesfor different
treespecies,sizesof CWD, andtypesof sites.Other
knowledgegapswerediscussedby VanLear(1995)at this
workshop,includingtherelationshipof CWD inputs to
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